Abstract The hydrological cycle in arid and semi-arid climates is highly controlled by evaporation. The correct quantification of this process is essential for improving the accuracy of water balance estimates, especially in closed basins. The objective of this paper is to characterize evaporation rates from shallow groundwater using the chamber approach in six closed basins in the Altiplano of northern Chile. Measurements were made at 49 locations with water-table depths ranging from 0.09 m to 3.3 m. Estimated daily evaporation rates appeared to be strongly related to groundwater depth and soil texture. In particular, the highest rates were recorded in areas with high groundwater tables and coarse-grained soils. Evaporation curves were derived by fitting exponential and power relationships as functions of the groundwater depths that we proposed to use in the study area. An application of these curves for the Salar de Pedernales basin produced an estimated evaporation flow of 530 L s -1 , using the average curve.
INTRODUCTION
Evaporation from groundwater (GWE) is a major component of the hydrological cycle in aquifer systems with shallow groundwater (Shah et al., 2007) . In arid and semi-arid climates, evaporation can even consume all of the water entering the system in the form of precipitation (Kurc & Small, 2004) . The mass conservation principle for systems that remain unperturbed over the long-term requires the GWE and recharge rates to be equal (Bredehoeft, 2007) . This is clearly observed in closed basins, where evaporation is the main and sometimes the only discharge. Hence, reliable evaporation estimates can enhance the performance of water balance models and the quantification of the recharge entering these groundwater systems. Such improvements facilitate the assessment of renewable water resources available for consumption.
Due to increasing mining activity in the north of Chile, and the lack of surface flows, the demand for groundwater resources has increased considerably. In addition, the environmental value of ecosystems in the Chilean Andean High Plateau (the Altiplano) has become a fundamental element in the concession of water rights. This has led to a greater need for a more reliable quantification of the physical processes occurring in these ecosystems. Precise and inexpensive methodologies to quantify evaporation need to be designed to serve consultations among the users and the public agencies managing this resource.
In recent decades, several field methodologies have been developed to measure and estimate evaporation from groundwater for a wide range of spatial scales. Lysimeters of different sizes and shapes (Aboukhaled et al., 1982; Boast & Robertson, 1982) , have historically been considered an adequate and reliable tool for determining evaporation (Rana & Katerji, 2000) . However, this method leads to an alteration of soils and creates boundary conditions that can distort the observed results unless undisturbed, sufficiently large soil monoliths are used. The Bowen ratio method, based on a land surface energy balance, has been implemented by several authors (Dugas et al., 1991; Todd et al., 2000) . While this method may be applied efficiently under varied conditions, it requires certain theoretical assumptions and simplifications, and forces the energy balance equation to be closed. Tyler et al. (1997) , Brotzge & Crawford (2003) , and Assouline et al. (2008) have measured evaporation in different regions using the Eddy Correlation technique. In this method, and under ideal flow conditions, latent heat flow (or evaporation) is measured directly by correlating the fluctuations of vertical wind velocity with variations in temperature and water vapour density. The implementation of this approach generally involves high investment and maintenance costs. Some alternatives to measurements carried out directly in the field are the analysis of satellite images or remote sensing systems. These methods are based on the interpretation of signs that appear in the atmosphere and on the Earth's surface to estimate evaporation rates on a regional level. Kite & Droogers (2000) compared different remotely obtained image analysis methods. One of the main disadvantages of these methods is that information from the field is needed to calibrate and properly interpret the information recorded remotely. These systems also tend to be highly expensive (Stannard, 1988; Rana & Katerji, 2000) , and in many cases they neither enable a precise measurement of low-magnitude evaporation rates, nor facilitate daily estimates (Tyler et al., 1997) .
The portable chamber method (Reicosky & Peters, 1977; Stannard, 1988) appears to be an easyto-implement, inexpensive alternative that allows for site-specific and instantaneous measurements of evaporation using a semi-spherical acrylic chamber. This chamber is used to directly measure the flux of gases between the land surface and the atmosphere (Stannard & Weltz, 2006) . The chamber method has been used by several authors in order to determine evaporation from bare soil and shallow groundwater or evapotranspiration from soils with vegetation (e.g. Sanford & Wood, 2001; Stannard & Weltz, 2006) , but there has been no discussion about its applicability in arid zones located at high altitudes near salt flats.
From the information available about evaporation from groundwater in salt flats in the Chilean Altiplano, it does not come anywhere close to satisfying the country's current requirements, as there are very few studies on this topic. Currently, there are a few site-specific estimates, most of which have been done with lysimeters. MINSAL (1988) and Kampf (2002) took measurements in the Salar de Atacama using the Bowen and Eddy methods, respectively. MINSAL (1988) and Mardones (1998) also conducted measurements in different sections of the Salar de Atacama using lysimeters. Geoaguas Consultores (2007) installed and operated three falling-head lysimeters in the Laguna Tuyajto basin. Over the same period of time, the consulting firm GP Consultores (GP ConsultoresCollahuasi, 2007) conducted research with 12 lysimeters in the Salar del Huasco basin. Finally, Ugarte (2007) used six lysimeters to measure evaporation from groundwater in the Salar de Aguas Calientes 2 basin.
The main objective of this article is to enhance the understanding and characterization of evaporation rates from shallow groundwater in closed basins in northern Chile. In order to meet this objective, the authors set out to accomplish the following: (1) increase information about evaporation by carrying out field measurements in six basins using the chamber method; (2) compare these measurements with others carried out in nearby areas with alternative methods; (3) propose ranges that describe the evaporation from shallow groundwater for different water tables in closed basins in northern Chile; and (4) estimate the evaporation discharge in the Salar de Pedernales closed basin located in Chile's Region III.
STUDY AREA
Most of the closed basins in northern Chile are located in the Altiplano, although there are others, such as the Salar de Atacama, that are located between the Andean foothills and the western side of the Andes mountain range (Fig. 1) . The Altiplano or Puna is a region in South America that spans northern Chile, central and southern Peru, western Bolivia and northeastern Argentina. It is composed of sedimentary basins formed at high altitudes, mostly over 3500 m a.s.l., originating from tectonic and volcanic activity in the region.
Morphologically, this macrozone is formed by closed basins with lagoons and/or salt lakes. Precipitation in the area originates in the tropics and occurs during the southern hemisphere's summer, also known as the Invierno Altiplánico (high plateau winter). This precipitation is convective, with a high degree of spatial variability, and occurs mainly between December and March. This phenomenon disappears further south, and has only a minimal influence in Chile's Region III, denominated the Region of Atacama (28 S). At this latitude, the Pacific Ocean has a greater influence and produces precipitation in the form of rain and snow from May to August.
Because of the extreme conditions in these basins, only highly specialized vegetation, capable of withstanding major temperature fluctuations and scarcity of water, can subsist. Steppe vegetation, also known as bofedales, is a component of ecosystems adapted to these conditions. This type of vegetation minimizes transpiration by reducing the surface area of its leaves (some have even evolved into thorns).
MATERIALS AND METHODS

Chamber construction and calibration
Two semi-spherical chambers made of 4-mm-thick acrylic (Fig. 2) were used to conduct field measurements. Chamber D1 has a diameter of 1.2 m with an internal volume of 0.301 m 3 , and covers a land-surface area of 1.131 m 2 . Chamber D2 has a diameter of 1.25 m and an internal volume of 0.341 m 3 , and covers 1.227 m 2 of ground. The volume of measurement corresponds to the entire internal volume, not counting the equipment used in its interior: a Vaisala HMP75 sensor that registers variations in relative humidity and temperature, and two 12 V Commonwealth fans with a maximum capacity of 5.0 m s -1 that are used to keep the air well mixed. For more details on their construction and operation, see Stannard (1988) .
Chambers must be calibrated in the laboratory prior to their use in the field. For this purpose, water is boiled at a known rate from a beaker, the chamber is placed over the boiling water, and the known boiling rate is compared to the rate measured, as in the field, by the chamber. The calibration is achieved by comparing the rates measured simultaneously by both methods using different evaporation rates and fan rotation speeds, allowing the adjustment of a specific calibration factor for each chamber by plotting boiling rate as function of chamber rate (known boiling rate/ chamber rate) for all measurements and determining the slope of the best-fit line that passes through the origin. This calibration was conducted twice and produced the following values: 1.03 and 1.02 for chamber D1 and 0.94 and 1.00 for chamber D2. These values are very close to unity.
Measurements with the chamber
Three fieldwork campaigns were conducted to measure evaporation rates in different closed basins in the Chilean Altiplano. The selected basins are representative of the entire area under study, and are located in three of the country's political regions.
The first campaign was conducted between 4 and 18 December 2007 in three basins located in Region II (Antofagasta), and measurements were taken at 16 sites in four zones, whose locations are shown in Fig. 3 (c). The second campaign was conducted between 4 and 18 March 2008 at two basins in Region III (Atacama), and measurements were taken at 17 sites in four zones ( Fig. 3(b) ). The last campaign was carried out in Region I (Tarapacá) between 21 April and 3 May 2008, and evaporation rates were measured at 16 sites ( Fig. 3(a) ). At each zone, daily evaporation rates were determined in four sites, except in Zone 11 (Salar de Maricunga) where five sites were controlled. Table 1 summarizes the 49 site locations and names.
Each measurement consisted of three steps: raising the chamber for 1-2 minutes to obtain ambient humidity inside; lowering the chamber to the selected site; and then recording the internal temperature and relative humidity every 1 s, over a period of approximately 2.5 min. Measurements were repeated every 30 min, starting from just before sunrise until after sunset, allowing the characterization of the temporal variation of the evaporation rate in each study area. Before each measurement, the rotation velocity of the fans was adjusted in accordance with the wind velocity measured 0.5 m above ground surface.
Using the ideal gas law standard psychrometric equation, temperature and humidity measurements were used to compute the vapour density. The evaporation rate was determined using the following relationship (Stannard,1988) :
where GWE is the instantaneous evaporation rate (mm d -1 ), M is the water vapour density rate of change inside the chamber (g m -3 d -1
), V is the chamber volume (m 3 ), A is the surface area covered by the chamber (m 2 ), C is the calibration factor, and 86.4 is a unit conversion factor. The value of M was determined as the maximum mobile slope of the vapour density graph versus time considering 10 successive measurement locations.
All the measurements were carried out over bare soil in areas close to lagoons or salt flats, where the water-table depth was no more than 7 m. Complementary evaporation measurements were also conducted on open water (potential evaporation, PE) using standard evaporimeter tanks (Class A).
Measurements of evaporation from shallow groundwater normally are represented graphically by situating the depth to water table facing downwards on the y-axis (m), and the magnitude of evaporation GWE (mm d -1 ) on the x-axis. As follows, the literature has proposed different analytical expressions that adjust to the observed evaporation values, including the following ( Table 2) :
The depth to water table at which there is theoretically no evaporation is known as the extinction depth. In the proposed analytic expressions, this parameter depends on the model chosen to adjust the empirical data.
RESULTS AND DISCUSSION
Evaporation measurements
Daily evaporation rates GWE and PE registered in the field are shown in , measured during the April and December field campaigns, respectively. Additionally, Table 3 shows the water table depth, minimum and maximum daily temperature and water density at each measurement location.
The measurements recorded in areas with water tables near the surface demonstrated characteristic behaviour closely related to atmospheric evaporative demand represented by evaporation from open water, with an increase in the evaporation rates early in the morning, maxima around midday (between 11:00 and 15:00 h) and heavy decreases in the evening. This was the case for location H16D2 (0.4 m depth to water table) in the Salar del Huasco basin (Fig. 4(a) ). Author(s) Expression
Note: PE (mm d -1 ) is the maximum evaporation measured on open water or evaporation rate of groundwater at zero depth, a is the parameter for adjusting the curve proposed by Philip, Z is the water table depth, Z 0 is the water-table depth at which evaporation is the same as on open water, E 0 and m are parameters that depend on hydraulic properties and are adjusted analytically. Evaporation rates at location H1D1 (water table depth at 0.22 m) were measured under unstable meteorological conditions. The sky was completely clear in the morning and afternoon, but partially cloudy at midday. This weather pattern explains the oscillations in the daily evaporation curve (Fig. 4(b) ).
A different pattern is observed in areas with deeper groundwater (1.2 m depth to water table), where the relationship between the atmospheric conditions and evaporation rates from the ground is less evident (location M3D1, Fig. 4(c) ).
The water table depths at the studied sites ranged from 0.09 m to 3.3 m The higher rates of evaporation consistently corresponded to the locations with shallower groundwater. Similarly, the lowest rate (0.1 mm d . Measurements were carried out for a wide range of medium-coarse to coarse soils, with a high variability in salt content. In general, coarser soils had greater evaporation rates, while the presence of a saline crust seemed to restrict evaporation. Comparing the different measurements conducted at Salar de Maricunga basin, it was observed that for a water table depth of 0.5 m, and under similar atmospheric conditions (totally clear skies during the entire measurement interval), the daily rates of evaporation for sandy soil and the mixed soil were 0.46 and 0.39 mm d -1 , respectively, which implies a difference of 15%.
Comparison of chamber and lysimeter measurements
Several studies have compared the chamber method with other measurement methods. All the comparisons show that estimates using the chamber method are larger than those obtained with other methods. While some have detected differences of less than 5% (Reicosky & Peters, 1977; Pickering et al., 1993) , using the Eddy Correlation, others have found differences of close to 30% (Stannard & Weltz, 2006) and even up to 50% using the Bowen ratio method (Dugas et al., 1991) .
The GWE estimates recorded from lysimeters in three basins in the region under study were available for comparison. These rates were measured in soils similar to those in which the chamber method was used. The values obtained by lysimeters correspond to long-term average rates over a period of several months. Additionally, the water table depths inside the lysimeters were artificially fixed, meaning that they did not necessarily represent the natural situation in surrounding soils. As a result, it is not possible to directly compare the location-by-location and instantaneous measurements conducted with the chamber to those measured with any lysimeter in particular. Thus, these measurements must be jointly analysed using the trends recorded by both methods.
From January 2007 to January 2008, GP Consultores (GP Consultores-Collahuasi, 2008 ) installed and operated a set of 12 lysimeters representative of four areas of the Salar del Huasco basin. In each area, three columns of undisturbed soil were extracted, simulating different water table depths ( Fig. 5(a) ). Estimates obtained from these lysimeters and the chambers follow the same trend; however, the evaporation rates measured with the lysimeters were generally higher than those measured with the chambers. For instance, the average evaporation rate measured with the lysimeters for water table depths ranging from 0.6 to 0.65 m was 0.60 mm d -1
, while the average recorded with the chamber was 0.52 mm d -1 (a difference of 14%). For a water table depth of 0.32 m, the daily rates recorded were 0.6 and 1.55 mm d -1 for measurements done with the chamber and the lysimeter, respectively (158% difference).
Figure 5(b) shows the comparison between measurements conducted with the chamber in the Laguna Tuyajto basin and estimates done with lysimeters and microlysimeters (Geoaguas Consultores, 2007) . In order to replicate the lithological conditions of the porous medium contained in the lysimeters, chamber measurements were taken close to the equipment installed by Geoaguas Consultores. Measurements for deep groundwater were not possible because the maximum depth of these lysimeters is 1.4 m. The water table depth simulated inside the lysimeters was less than the real depth in contiguous soils, and therefore the depth recorded by the chamber. By fitting an exponential curve to the rates measured with the chambers, one can estimate a daily evaporation rate of 1.97 mm d -1 for a water (Ugarte, 2007) were used to evaluate the evaporation rates measured at the Salar de Aguas Calientes 2 basin (Fig. 5(c) ). Both methods give similar evaporation rates. For a water table depth of 0.39 m, the evaporation rate registered with the chamber was 21% greater than the rate measured with the lysimeters (0.85 and 0.70 mm d 
Evaporation curves
The estimated evaporation rates were standardized by the daily PE registered. Hence, the GWE/PE ratio ranges between 0 and 1. This transformation made it possible to reduce the influence that meteorological conditions might have on the particular day of measurement.
Figure 6(a) shows a summary of all evaporation measurements of shallow groundwater made for this study. The GWE values are plotted against depth to water table. Although some dispersion is observed, a trend is identified in which evaporation rates decrease as the unsaturated zone becomes thicker. Thus, maximum and minimum values can be proposed to characterize the behaviour of evaporation from shallow groundwater for different water table depths in closed basins in northern Chile. Figure 6 (b) extends the above analysis by including all the other available estimates from closed basins in the area under study. The evaporation rates measured with the chamber are within the ranges established by other methods, including lysimeters, microlysimeters, Eddy correlations and Bowen ratios. The rates estimated using Eddy correlations and Bowen ratios seem to underestimate evaporation when compared to chamber and lysimeters measurements, with differences of less than 10% compared to the chamber and close to 30% compared to lysimeters. The variability in evaporation rates reflects the influence of variables other than the water table depth, such as soil type, groundwater chemistry, the dew effect, freezing of soils at night, and the variety of climatic conditions. The fitted curves are shown in Fig. 6(c) .
Given a curved regression, the correlation index (R c ) is defined by expression (6), where S 2 ey is the variance of the observed data about the best-fitting curved line and S y is the standard deviation of the observed data:
The average fit was calculated by maximizing the correlation index between the curve and all of the available measurements. Likewise, the lower fit also used the R c but only included the points situated above the average fit curve. An analogous process was used for the upper adjustment, but only the points situated below the average fitted curve were included.
The power fit proposed by Morel-Seytoux & Mermoud (1989) was the best curve for characterizing the observations. Unfortunately, evaporation rates become extremely large for low values of water table depths (z!0). We propose to fit composite curves defined by mathematical expressions that differ for different ranges of z. For an initial range we proposed the use of exponential curves similar to those proposed by Grilli & Vidal (1986) , while power laws were fitted for deeper water tables. Thus, the ranges of water table depths and the corresponding expressions for the standarized evaporation rates are as follows:
Lower fit: 
For all the fitted curves, GWE is equal to the evaporation from lagoons until the groundwater table reaches a depth of approximately 0.1 m. For deeper water levels, the evaporation rate greatly depends on the soil moisture content and its capacity for transporting moisture.
Application example: evaporation discharge from the Salar de Pedernales basin
The previous results were applied to determine evaporation rates in the Salar de Pedernales basin. This closed basin has characteristics that are typical to the study area (e.g. similar type of soil, climate, and presence of shallow groundwater located under the salt pan). The area of evaporation (A e ) considered for this study was 315 km 2 , equivalent to 9% of the basin's total surface area. The area with lagoons is 1.1 km 2 (0.35% of A e ), and was determined by analysing Landsat satellite images. Using data obtained from 31 trial pits constructed by CPH Consultores (CPH Consultores, 2004) , it was possible to estimate the water table depths from the topography, shown in Fig. 7(a) . Figure 7 (b) shows the distribution of evaporation area for different ranges of groundwater depth. Close to 45% of A e has a water table depth ranging between 1 and 1.5 m, while 20% of the total area has shallower groundwater. The long-term evaporation discharges were estimated using the following relationship:
where Q e is the evaporated flow (L/s), GWE i is the evaporation rate (mm d -1
) obtained from the fitted curves for a given depth interval i, A i is the representative area (km 2 ) of the depth interval, and 11.574 is a unit conversion factor.
Using an annual mean evaporation of groundwater at zero depth, PE of 4.12 mm d -1 , proposed by Dirección General de Aguas (DGA, the Chilean General Water Directorate) for the Chilean Altiplano zone (1987), the calculated flows were Fig. 7 Groundwater depth in the Salar de Pedernales: (a) iso-depth map and (b) iso-depth ranges.
150, 530 and 990 L s -1 for the lower, average, and upper fitted curves, respectively. The discharge due to evaporation from open water table estimated from the average fitted curve corresponds to less than 10% of the system's total discharge. The minimum flow calculated was 30% of the estimated mean discharge, while it represented 54% of the proposed upper limit.
An estimated discharge flow of 580 L s -1 was computed with a similar approach but only using evaporation measurements from the Salar de Pedernales basin. This value is within the range determined by using all the available estimates from closed basins in northern Chile. Using a numerical model, CPH Consultores (2004) , 1999) . This study states that the water table is located at depths ranging from 0.1 to 0.3 m for more than 55% of the salt pan surface, but does not mention the methodology used to make these estimates.
CONCLUSIONS
Evaporation rates were measured from bare soils using the chamber method in the presence of shallow groundwater at 49 sites in six closed basins of northern Chile. Different soil types, atmospheric conditions and water table depths were considered in this study, which allowed us to considerably expand the information previously available for this region. For a constant water table depth (close to the surface), evaporation rates mainly depended on the atmospheric evaporative demand and, to a lesser extent, on the lithology of the unsaturated zone. For deeper groundwater, the influence of atmospheric conditions diminished and the importance of soil type and moisture content increases.
The chamber method tends to underestimate evaporation rates determined by lysimeters, sometimes with differences in the order of 100%. Evaporation rates were similar to those obtained using both the microlysimeters in the Laguna Tuyajto basin and the lysimeters implemented in the Salar de Aguas Calientes 2. The measurements carried out in the Salar de Atacama using the Bowen ratio methodology determined evaporation rates that were lower than those registered with the chamber and the lysimeters. Measurements taken with the chamber are comparable to estimates made using other approaches, which means it is a reliable tool for making specific estimates of evaporation from shallow groundwater.
The evaporation rates measured in this study and previous measurements reported in the literature were used to define regional evaporation curves. These curves can be used for initial estimation of evaporation rates in zones where information is scarce, as is the typical case in the Chilean Altiplano.
The applicability of these curves was evaluated by estimating the discharge flow due to evaporation in the Salar de Pedernales basin. Even though the estimates of flow evaporation rates between the lower and the upper adjustment differ by a ratio of up to 1:6, it is possible to propose a mean evaporation flow and define a range. Depending on the degree of information available in each particular case, (e.g. soil types and land cover), the range of values can be bounded even further. Discharge rates estimated from the regional curves were similar to those estimated by the Dirección General de Aguas in 1987 (a difference of 12%), 34% greater than those determined by CPH Consultores (2004) and 84% lower than those estimated by EDRA (1999) . The differences between the various estimates made in the Salar de Pedernales basin demonstrate that the curves proposed in this article allow the definition of ranges to estimate evaporation rates.
